The interaction between the poly(A)-binding protein (PABP) and eukaryotic translational initiation factor 4G (eIF4G), which brings about circularization of the mRNA, stimulates translation. General RNA-binding proteins affect translation, but their role in mRNA circularization has not been studied before. Here, we demonstrate that the major mRNA ribonucleoprotein YB-1 has a pivotal function in the regulation of eIF4F activity by PABP. In cell extracts, the addition of YB-1 exacerbated the inhibition of 80S ribosome initiation complex formation by PABP depletion. Rabbit reticulocyte lysate in which PABP weakly stimulates translation is rendered PABP-dependent after the addition of YB-1. In this system, eIF4E binding to the cap structure is inhibited by YB-1 and stimulated by a nonspecific RNA. Significantly, adding PABP back to the depleted lysate stimulated eIF4E binding to the cap structure more potently if this binding had been downregulated by YB-1. Conversely, adding nonspecific RNA abrogated PABP stimulation of eIF4E binding. These data strongly suggest that competition between YB-1 and eIF4G for mRNA binding is required for efficient stimulation of eIF4F activity by PABP.
Introduction
Translational control of gene expression in most circumstances occurs at the level of initiation, in which the 80S ribosome is recruited to the mRNA and positioned at the initiation codon. This mechanism is ATP-and GTP-dependent and requires the participation of initiation factors (Merrick, 2004) . The cap structure at the mRNA 5 0 end and the poly(A) tail at the 3 0 end are key structures responsible for ribosome recruitment to the mRNA, and their effect on translation is synergistic. This synergy is universal as it was demonstrated in yeast, plant, and mammalian systems (for reviews, see Jacobson, 1996; Sachs, 2000) and was also recapitulated in vitro (Gebauer et al, 1999; Bergamini et al, 2000; Michel et al, 2000; Svitkin et al, 2001a; Rifo et al, 2007) .
The mechanism by which the mRNA 5 0 cap and 3 0 poly(A) tail synergize to stimulate translation has been studied extensively using biochemical and genetic approaches, yet is not fully understood. The m 7 G cap structure and the poly(A) tail are recognized by eIF4E and the poly(A)-binding protein (PABP), respectively. PABP is an evolutionarily conserved protein, which binds the poly(A) tract with a periodicity of B27 nucleotides (Baer and Kornberg, 1983) . eIF4E is the cap-binding subunit of the eIF4F complex, which also includes eIF4A, an RNA-dependent ATPase/RNA helicase, and eukaryotic translational initiation factor 4G (eIF4G), a high-molecular-weight protein that functions as a scaffold for binding eIF4E and eIF4A (Gingras et al, 1999) . Importantly, eIF4G also interacts with PABP (Tarun and Sachs, 1996; Imataka et al, 1998) and the 40S ribosome-binding initiation factor eIF3 (Hershey and Merrick, 2000; Morino et al, 2000) . Circularization of an mRNA through the molecular bridge cap-eIF4E-eIF4G-PABP-poly(A) was observed with recombinant yeast proteins, eF4G, eIF4E, and PABP (Wells et al, 1998) . Depletion of PABP from Krebs-2 mouse ascites cell extracts results in a reduction of 48S and 80S ribosome initiation complex formation, which is rescued by the addition of recombinant PABP (Kahvejian et al, 2005) . Furthermore, the importance of the intact bridging complex eIF4E-eIF4G-PABP for efficient crosslinking of eIF4E to the m 7 G cap was demonstrated (Kahvejian et al, 2005) . Finally, the translational repressor PABP-interacting protein 2 (Paip2) exerts its activity by displacing PABP from the poly(A) tail and eIF4G (Khaleghpour et al, 2001; Karim et al, 2006) . These findings define PABP as a bona fide initiation factor (although it is apparently not released from the mRNA in contrast to other initiation factors), and emphasize the importance of mRNA circularization for translation initiation.
In addition to PABP, all cytoplasmic messenger ribonucleoproteins (mRNPs) contain an mRNA packaging protein, YB-1 (Blobel, 1972) . YB-1 possesses high affinity for singlestranded RNA and DNA. At high concentrations, YB-1 functions as a general translation repressor that interferes with eIF4F-mRNA interaction (Minich et al, 1993; Davydova et al, 1997; Evdokimova et al, 2001; Nekrasov et al, 2003) . In addition, YB-1 stabilizes mRNA (Evdokimova et al, 2001 ) and has several documented activities in transcription (Kohno et al, 2003) .
In this study, we show that YB-1 and other RNA-binding protein availability controls the PABP-stimulatory activity of eIF4F and assembly of ribosome initiation complexes. We propose that YB-1 competes with eIF4G for binding to the mRNA. PABP relieves this competition by enhancing the binding of eIF4G to the mRNA and stabilizing the eIF4E-cap complex. These data and our earlier published study (Svitkin et al, 1996) implicate YB-1 as an essential factor for the stringent translational control of eukaryotic mRNAs by the 5 0 cap and 3 0 poly(A) tail.
Results

Stimulation of 48S initiation complex formation by PABP in a reconstituted system
Experiments were first conducted to define the requirement for PABP activity in an in vitro reconstitution of 48S ribosomal complex formation. Upon incubation of b-globin mRNA, ATP, GTP, initiator Met-tRNA i , eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, eIF4F, and 40S ribosomal subunits, a 48S ribosomal complex can be formed on the initiation codon of the mRNA (Pisarev et al, 2007) . The formation of the initiation complex can be measured by toe-printing, which is based on the inhibition of primer extension by reverse transcriptase on the template mRNA by the 48S ribosomal complex at positions þ 16 to þ 18 downstream of the initiation codon (Pestova et al, 1996) . If PABP stimulates eIF4F activity, then it should stimulate the assembly of the 48S complex. Indeed, under standard conditions of reconstitution (Pisarev et al, 2007) a small but reproducible enhancement of 48S complex formation by PABP was evident (B1.6-fold enhancement at 15 mg/ml PABP; Figure 1A , compare lanes 3 and 2). Increasing the concentration of PABP in the reaction mixture failed to further stimulate 48S complex formation ( Figure 1A , lane 4). GST and a mutant PABP, M161A, which cannot interact with eIF4G (Kahvejian et al, 2005) , showed no activity, thus providing negative controls for this experiment ( Figure 1B ). The effect of PABP on 48S complex formation in the reconstituted system is feeble as compared with the strong stimulation of ribosome binding by PABP in crude cell extracts (Kahvejian et al, 2005) . This suggests that a factor(s) required for PABP function is lacking in the reconstituted system. We therefore used crude cell extracts to search for this factor(s).
Reduction of eIF4F activity in 80S ribosome initiation complex formation in PABP-depleted extracts 48S and 80S ribosome initiation complex formation is diminished in cell extracts lacking PABP (Kahvejian et al, 2005) . We used this assay to discover factors that modulate the PABP dependence of translation initiation. A Krebs-2 ascites cell extract was depleted of PABP by using a GST-Paip2 affinity column (Svitkin and Sonenberg, 2004) . Western blotting with an anti-PABP antibody (Afonina et al, 1997) did not reveal any residual PABP in the extract after depletion (Figure 2A ). Importantly, neither eIF4F (eIF4GI, eIF4AI, and eIF4E) nor 40S ribosomal subunits (as exemplified by S6 ribosomal protein) were co-depleted with PABP ( Figure 2A ; Svitkin and Sonenberg, 2004; Thoma et al, 2004) . It is noteworthy that a 5-ml aliquot of control S10 extract and 0.1 mg of recombinant PABP produced signals of similar intensity ( Figure 2A ; compare lanes 1 and 3). This suggests that the endogenous PABP concentration in the S10 extract is about 20 mg/ml (or 10 mg/ml in reaction mixtures, which contain 50% v/v of the S10 extract; see below). Control and PABPdepleted extracts were incubated in the presence of radiolabelled globin mRNA and cycloheximide, and analysed by velocity sedimentation in sucrose gradients. 80S ribosome recruitment decreased to B16% of control after PABP depletion leading to the enhanced association of mRNA with free mRNPs (fractions 3 and 4 of the gradient) ( Figure 2B ). Supplementing PABP-depleted extracts with recombinant PABP at close to physiological concentration (10 mg/ml) restored 80S ribosome initiation complex formation, further excluding the possibility of co-depletion of initiation factors (data not shown and Kahvejian et al, 2005) . To ascertain that the lack of PABP diminishes eIF4F activity (Kahvejian et al, 2005) , we investigated whether excess eIF4F would relieve the suppression of 80S initiation complex formation caused by the absence of PABP. The addition of eIF4F to the reaction mixtures completely rescued 80S initiation complex formation in the depleted extract ( Figure 2C ). This restoration was not caused by PABP that could contaminate our eIF4F preparation. Western blotting failed to reveal the presence of (Morino et al, 2000) with the use of the same primer is shown on the left. Formation of the 48S complex was quantified. With the value for lane 2 being set as 100, the values for lanes 3 and 4 were 158 and 163, respectively. (B) Negative controls. 48S ribosomal complex formation was analysed as above. PABP wild-type, PABP mutant (M161A) or GST was present in the reaction mixtures at 15 mg/ml concentrations where indicated. In lane 1, no proteins were added. In lane 5, no reaction components were present except for the mRNA. The relative amounts of 48S complexes, with the value for lane 1 being set as 100, were 150, 90, and 90, for lanes 2-4, respectively. Figure 2A, lane 4) . Moreover, the addition of recombinant eIF4E and eIF4GI (84-1599), which corresponds to the full-size eIF4GI except for the first 83 amino acids, to reconstitute eIF4F significantly increased ribosome binding in the PABP-depleted extract (from B16 to 66% of the control level; Figure 2D ). eIF4E alone was less stimulatory than the eIF4E/4GI complex, whereas eIF2 was completely inactive (data not shown). Thus, PABP serves to enhance eIF4F activity in ribosome binding, although an unlikely possibility that PABP and eIF4F have redundant functions in translation initiation cannot be excluded by these data alone.
PABP in eIF4F (
General RNA-binding proteins enhance PABP dependency of translation initiation We showed earlier that general RNA-binding proteins enhance cap-and eIF4E-dependency of translation (Svitkin et al, 1996) . However, the role of these proteins in PABP/ poly(A)-mediated translation remained unknown. A role in the disruption of eIF4G-mRNA interaction was previously assigned to YB-1 (Evdokimova et al, 2001; Nekrasov et al, 2003) . We therefore examined how YB-1 affects 80S initiation complex formation in the absence and presence of PABP. Strikingly, YB-1 preferentially inhibited ribosome binding in PABP-depleted as compared with control extract. In the presence of YB-1 (40 mg/ml), the reduction of 80S complex formation caused by PABP depletion was 6.7-fold as compared with 2.7-fold observed with control buffer ( Figure 3A) . The difference between the PABP-depleted and control extracts in supporting ribosome binding was even greater (10-fold) in the presence of 80 mg/ml YB-1 (data not shown). La autoantigen, which is a promiscuous RNA-binding protein (Wolin and Cedervall, 2002) , also preferentially inhibited 80S ribosomal complex formation in PABP-depleted as compared with control extracts ( Figure 3B ). However, as compared with YB-1, La was required at B2.5-fold higher molar concentration to exert a similar effect. Notably, supplementing PABP-depleted extracts with YB-1 or La increased the abundance of free mRNPs (fractions 3 and 4). PTB also increased PABP dependency of 80S initiation complex formation but to an extent lower than La (data not shown). These observations indicate that several RNA-binding proteins can affect PABP responsiveness of translation initiation, although their individual contribution to this regulation is apparently less significant than that of YB-1.
On the basis of the results above, one would expect that sequestering RNA-binding proteins with a nonspecific RNA should relax the control of 80S initiation complex formation by PABP. We therefore compared the effect of PABP depletion on 80S complex assembly in the absence and presence of a nonspecific RNA. We chose 18S ribosomal RNA (rRNA) because of its ability to stimulate ribosome binding in crude cell extracts (Weber et al, 1979) . Strikingly, 18S rRNA Krebs-2 S10 extract (5 ml) using antibodies against eIF4GI, PABP, eIF4AI, S6 ribosomal protein, and eIF4E as indicated. Lanes 3 and 4 show blots of recombinant PABP (0.1 mg) and eIF4F (1.5 mg), respectively. (B-D) 80S ribosome initiation complex profiles of control (squares, dashed line) and PABP-depleted (triangles, solid line) Krebs-2 cell extracts supplemented with control buffer (B), eIF4F (48 mg/ml) (C), or a combination of recombinant eIF4E (6 mg/ml) and eIF4GI (84-1599) (30 mg/ml) (D). 80S ribosome binding to 32 P-labelled globin mRNA was analysed as described in Materials and methods. Arrows indicate peaks corresponding to mRNA in complex with 80S ribosomes. Relative efficiencies of ribosome binding in PABP-deleted versus control extract were 16, 98, and 66% for (B-D), respectively. The data are representative of four experiments.
preferentially stimulated ribosome binding in the PABP-depleted extract to restore it to control levels (compare Figure 4B with 4A). The addition of YB-1 together with 18S rRNA restored the inhibition of ribosome binding in the PABP-depleted extract ( Figure 4C ). This result is consistent with the ability of YB-1 to interact with 18S rRNA.
To examine the correlation between the efficiency of 80S ribosome initiation complex formation and 40S ribosomal subunit recruitment, 40S ribosome binding studies were carried out with extracts supplemented with GMPPNP (Kahvejian et al, 2005) . The amount of 40S ribosomal subunits assembled on the mRNA was B2-fold lower in PABPdepleted than in control extract (Supplementary Figure S1A) . YB-1 inhibited, whereas 18S rRNA stimulated, 48S ribosome initiation complex formation and, importantly, their effects were much greater in the PABP-depleted than in control extract (Supplementary Figure S1B and C) . Consequently, the reduction in 48S ribosome initiation complex formation due to PABP depletion was higher (B5-fold) in the presence of YB-1 as compared with control (B2-fold) and essentially abrogated in the presence of 18S rRNA. Interestingly, in this analysis, we noticed PABP-dependent formation of complexes migrating faster than the 40S marker. The origin of these complexes is not known; they may arise from binding of two or more 40S ribosomal subunits to the mRNA.
YB-1 renders translation in a rabbit reticulocyte lysate PABP dependent
Translation in RRL has been amply documented to be less dependent on the cap and poly(A) tail as compared with Krebs-2 ascites cell extract (Munroe and Jacobson, 1990; Svitkin et al, 1996; Imataka et al, 1998) . We previously attributed the cap independence of RRL to the paucity of general RNA-binding proteins relative to eIF4F (Svitkin et al, 1996) . We reasoned that in a similar manner translation in RRL is relatively PABP independent because of a high eIF4F/ general RNA-binding protein ratio. It is conceivable that in the absence of competition the recruitment of eIF4F by the mRNA is highly efficient and thus not upregulated by the PABP/poly(A) complex. To assess this hypothesis, we studied whether excess of YB-1 would render translation in RRL PABP-dependent. Endogenous PABP was completely removed from RRL by retention on a GST-Paip2-Sepharose resin ( Figure 5A ). Aliquots of control and PABP-depleted RRL were supplemented with increasing amounts of YB-1 and then programmed for translation with a capped and polyadenylated luciferase (Luc) mRNA. In the absence of YB-1, the translation ratio for the non-depleted versus depleted RRL was 1.7 ( Figure 5B ), consistent with the minor contribution of the PABP/poly(A) complex to translation efficiency in RRL. YB-1 inhibited translation in both systems in a dose-dependent manner. However, the magnitude of the inhibition was significantly greater in the PABP-depleted than in control RRL (e.g. 46-fold versus 4.8-fold at 40 mg/ml of YB-1). When the depleted RRL was reconstituted with recombinant PABP (10 mg/ml), the resistance of translation to YB-1 inhibition was restored to control levels ( Figure 5B ). It is noteworthy that because the reconstituted and control RRL produced similar signals when analysed for PABP by western blotting, the concentration of added PABP was close to physiological levels. The translation stimulation by PABP increased from 1.6-to 14-fold in the presence of increasing concentrations of YB-1. Thus, YB-1 renders translation in RRL PABPdependent.
PABP confers competitive advantage to eIF4G over YB-1 in RNA binding
The interaction of eIF4E with the m 7 G cap structure can be analysed by crosslinking (Sonenberg and Shatkin, 1977; Sonenberg et al, 1978) . We applied a chemical crosslinking technique (Sonenberg and Shatkin, 1977) The addition of eIF4F resulted in increased crosslinking of eIF4E and eIF4A, further establishing their correct identification ( Figure 6A, lane 3) . To corroborate the eIF4E crosslinking assay as a read-out of eIF4F activity, the activity of eIF4F was inhibited by the addition of either an aptamer to eIF4A (Oguro et al, 2003) or the PRRVAA eIF4A dominant-negative mutant (Svitkin et al, 2001b) . Both eIF4A inhibitors impaired eIF4E crosslinking to the cap ( Figure 6A , lane 4 and 6B, lane 5). Inhibition of eIF4E crosslinking was also caused by the addition of 4E-BP1 (which disrupts the eIF4E-eIF4G interaction) and Paip2 (which disrupts eIF4G-PABP and PABP-poly(A) interactions), but not by GST ( Figure 6B , lanes 2-4), in agreement with the requirement of an eIF4E-eIF4G-PABP-poly(A) bridging complex for increased interaction of eIF4E with the m 7 G cap (Haghighat and Sonenberg, 1997; Kahvejian et al, 2005) . Strikingly, the random oligonucleotide RNA pool (Oguro et al, 2003) , which was used as a negative control for the eIF4A aptamer-mediated inhibition, and 18S rRNA strongly stimulated eIF4E crosslinking ( Figure 6A, lanes 5 and 6) . Thus, outcompeting nonspecific protein-mRNA interactions with the aid of exogenous RNA yields more eIF4E-cap complexes. In contrast, excess YB-1 (30 mg/ml) abrogated eIF4E crosslinking to the cap structure ( Figure 6B, lane 7) . YB-1 (migrating as a B50-kDa polypeptide) crosslinked to the cap at the expense of eIF4E.
Measurable crosslinking of YB-1 to the cap is most likely a consequence of a high mass ratio of YB-1 to mRNA (9:1), which engenders saturated complexes (Skabkin et al, 2004) . As we have shown earlier, YB-1 binding is not inhibited by cap analogues, attesting to a cap nonspecific nature of this interaction (Evdokimova et al, 2001 ). We also assessed the effect of YB-1 on eIF4E crosslinking in a system containing pure factors: eIF4F or eIF4E. In this system, crosslinking of eIF4E was more efficient as it was a component of the eIF4F complex ( Figure 6C , compare lanes 1 and 4) (see also Lee et al, 1985; Haghighat and Sonenberg, 1997) . Importantly, the inhibition of eIF4E crosslinking by YB-1 could be recapitulated in a reaction mixture containing pure eIF4F, but not eIF4E ( Figure 6C ). This suggests that YB-1 inhibits eIF4E binding indirectly by inhibiting eIF4G-mRNA complex formation.
Binding of PABP to eIF4G increases the binding of eIF4E to the cap (Kahvejian et al, 2005) . This stimulation requires tethering of PABP to the poly(A) tail, as it is significantly higher with poly(A þ ) then poly(AÀ) mRNA (see Figure 5 in Kahvejian et al, 2005) . To investigate the role of general RNAbinding proteins in this interaction, we investigated whether their sequestration by 18S rRNA would weaken the PABP stimulation of eIF4E-cap interaction. PABP depletion reduced the association of eIF4E with the m 7 G cap (1.7-fold) ( Figure 7A , compare lanes 2 and 1) and adding recombinant PABP to the depleted RRL reversed this inhibition (compare lanes 3 and 2). Adding 18S rRNA to the depleted extract caused an increase (three-fold) in the association of eIF4E with the m 7 G cap ( Figure 7A , compare lanes 4 and 2). Significantly, this increase was refractory to further stimulation by added PABP ( Figure 7A , compare lanes 5 and 4). By comparison, PABP stimulated the eIF4E-cap interaction 1.7-fold in the absence of added 18S rRNA ( Figure 7A , compare lanes 3 and 2). Thus, limiting the availability of RNA-binding proteins renders eIF4E-cap interaction resistant to stimulation by PABP. An alternative possibility is that crosslinking of eIF4E is already maximal in the presence of 18S rRNA ( Figure 7A, lane 4) , so that addition of PABP in lane 5 cannot further stimulate it.
As we have shown above that YB-1 exerted the strongest effect among several RNA-binding proteins on the stimulation of translation initiation by PABP, we wished to examine the effect of YB-1 on the PABP/eIF4F synergism in stimulating GDP, an extra 0.6 mM MgCl 2 was included in the reaction mixture), 100 mg/ml eIF4F, 25 mg/ml aptamer to eIF4A, 25 mg/ml random RNA (random nucleotide pool RNA; see Oguro et al, 2003) or 50 mg/ml 18S rRNA, as indicated. After the addition of oxidized 32 P cap-labelled Luc(A þ ) mRNA, the reaction mixtures were incubated at 301C for 10 min. (B) RRL was preincubated with control buffer (À), GST-4E-BP1 (40 mg/ml), GST-Paip2 (40 mg/ml), GST (40 mg/ml), eIF4A PRRVAA dominant-negative mutant (30 mg/ml), eIF4A wildtype (30 mg/ml) or YB-1 (30 mg/ml), as indicated. Incubation with mRNA was as above. (C) Pure eIF4F or eIF4E (3 pmol) was incubated with mRNA in the presence of the indicated concentrations of YB-1. Labelled proteins were analysed by SDS-PAGE and autoradiography. Arrows indicate the positions of eIF4E and eIF4A. On (B), an asterisk indicates the position of YB-1. The positions of the 14 C-methylated molecular weight markers (GE Healthcare) are shown at the right. eIF4E-cap interaction. The addition of YB-1 to control and PABP-depleted RRL decreased the binding of eIF4E to the cap in a dose-dependent manner ( Figure 7B ). However, consistent with the potentiation of translational inhibition by YB-1 after PABP depletion ( Figure 5B ), YB-1 reduced binding of eIF4E to the cap more potently in the absence than in the presence of PABP. For instance, 15 mg/ml YB-1 caused a 12-fold inhibition of eIF4E crosslinking in PABP-depleted RRL versus only 2.2-fold inhibition in control RRL. Thus, PABP enhances the resistance of eIF4E binding to inhibition by YB-1. Accordingly, in PABP-depleted RRL, the stimulation of eIF4E crosslinking by recombinant PABP was greater in the presence than in the absence of added YB-1 (i.e. 7.1-fold versus 2.1-fold; Figure 7C , compare lanes 5 and 4, and compare lanes 3 and 2, respectively). Thus, YB-1, by decreasing eIF4F-mRNA binding, enhances the dependence of eIF4F on PABP for eIF4E-cap interaction. The endogenous concentration of YB-1 in RRL reaction mixtures is about 30 mg/ml as estimated by western blotting (data not shown). Thus, YB-1 exerts a differential effect on translation and eIF4E crosslinking in control and PABP-depleted RRL when added at close to physiological concentrations. A band corresponding to YB-1 was prominent in the samples supplemented with YB-1 ( Figure 7C, lanes 4 and 5) . However, YB-1 better associated with the m 7 G cap structure when eIF4E binding was reduced by PABP depletion ( Figure 7C , compare lanes 4 and 5). Thus, the lack of PABP reduces the ability of eIF4F to compete with YB-1 for mRNA binding.
Discussion
Efficient translation in eukaryotic cells occurs when the mRNA is in a closed-loop conformation (Jacobson, 1996; Kahvejian et al, 2001 ). The precise mechanism by which the 3 0 poly(A) tail functions synergistically with the 5 0 cap to stimulate translation is not fully understood. Cooperative binding of the eIF4G/4E complex and PABP to the mRNA engenders a more stable eIF4E association with the cap structure than eIF4G/4E binding alone (Kahvejian et al, 2005) . Besides serving as an additional anchorage site for eIF4F on the mRNA, the PABP/poly(A) complex serves (especially in yeast) to increase eIF4F binding through allosteric changes in eIF4G/4E (Gross et al, 2003) . In addition to the promotion of eIF4F binding and 40S ribosome subunit recruitment, PABP was suggested to stimulate 60S ribosomal subunit joining and ribosome recycling (Jacobson, 1996; Searfoss et al, 2001) . The latter activities of PABP are not addressed in the present study. Figure 7 Effect of YB-1 availability on PABP dependence of eIF4E crosslinking to the m 7 G cap structure in RRL. (A) 18S rRNA enhances eIF4E crosslinking and makes it refractory to stimulation by PABP. Control or PABP-depleted RRL was preincubated with PABP (10 mg/ml) and 18S rRNA (50 mg/ml) where indicated. Incubation with oxidized 32 P cap-labelled Luc(A þ ) mRNA was as described for Figure 6A . Relative efficiencies of eIF4E crosslinking are indicated at the bottom. The value obtained for control RRL with no added proteins was set as 100%. (B) YB-1 dose-response of eIF4E crosslinking as affected by PABP depletion. Crosslinking was carried out with control or PABP-depleted RRL preincubated with the increasing concentrations of YB-1 (15 mg/ml, lanes 2 and 6; 20 mg/ml, lanes 3 and 7; and 25 mg/ml, lanes 4 and 8). In lanes 1 and 5, the reaction mixtures were supplemented with buffer alone. Relative amounts of radioactivity in eIF4E are given below. Values obtained in the absence of added YB-1 were set as 100%. (C) YB-1 enhances the stimulation of eIF4E-cap interaction by PABP. Crosslinking was carried out with control and PABP-depleted RRL preincubated with PABP (10 mg/ml) or YB-1 (10 mg/ml) where indicated. Quantification of eIF4E bands was as for (A). Arrows indicate the positions of eIF4E and YB-1. The positions of the 14 C-methylated protein molecular weight markers (GE Healthcare) are shown at the right.
Previous models for translational control by PABP have not taken into consideration general RNA-binding proteins, of which YB-1 is a prominent member, in the regulation of eIF4F access to mRNA. Here, we showed that to respond to PABP, the interaction of eIF4F with the mRNA needs to be downregulated by RNA-binding proteins. In a non-competitive system, containing purified translation components and globin mRNA, the efficiency of reconstitution of 48S translation initiation complexes is high, most likely reaching a plateau (Pisarev et al, 2007) , and thus, is only mildly responsive to PABP (Figure 1) . In contrast, in Krebs-2 cell extracts where general RNA-binding proteins are abundant, the assembly of ribosomal initiation complexes is largely PABP dependent (Figure 2 ; Supplementary Figure S1 ; Kahvejian et al, 2005) . Adding YB-1 or La to a Krebs-2 cell extract enhances PABP dependence of ribosome binding even further (Figure 3) . A model based on these results and according to which the PABP/poly(A) complex counteracts YB-1-mediated inhibition of eIF4F-mRNA interaction is presented in Figure 8 . When YB-1 is limiting, the recruitment of eIF4F by mRNA occurs efficiently and could be only slightly potentiated by PABP ( Figure 8A ). When abundant, YB-1 diminishes the eIF4F-mRNA interaction thereby creating favourable conditions for the modulation of this interaction by PABP ( Figure 8B ). It is possible that this model does not apply to all capped mRNAs. An exception could take the form of mRNAs that bear an extensive 5 0 -proximal secondary structure. Because YB-1 has single-stranded RNA-binding specificity (Minich et al, 1993) , it may not be bound efficiently to such 5 0 untranslated regions (UTRs). In this case, the 5 0 UTR secondary structure could downregulate eIF4F binding to enable PABP-dependent translation. Experiments reported here used an mRNA with a moderately structured 5 0 UTR (that of bglobin mRNA) (Auron et al, 1982) . It remains to be seen whether an extensive 5 0 -proximal secondary structure can circumvent the requirement for YB-1 for the PABP/poly(A) responsiveness of translation.
Translation in the most popular in vitro translation system, micrococcal nuclease-treated RRL, poorly exhibits cap-and poly(A) tail-mediated synergistic stimulation (Munroe and Jacobson, 1990; Wakiyama et al, 1997) . In contrast, RRL that was partially depleted of ribosomes by ultracentrifugation Figure 8 Model explaining how YB-1 increases mRNA affinity response of eIF4F to PABP. It is postulated that the default binding of eIF4F to the capped 5 0 end of an mRNA is relatively efficient (A; medium affinity) and, thus, the ability of PABP to stimulate this binding is limited (A; medium to high affinity transition). When YB-1 competes with eIF4G for mRNA binding, the basal affinity of eIF4F for the mRNA is decreased allowing eIF4F binding to vary over a wider range in response to PABP (B; low to high eIF4F affinity transition). The high-affinity binding of eIF4F to the mRNA conferred by PABP precludes or greatly reduces competition from YB-1 (crossed lines). The number of connecting lines between eIF4F subunits and mRNA denotes binding affinity. (Michel et al, 2000) or not nuclease treated (Rifo et al, 2007) shows the cap/poly(A) synergism. However, ribosome depletion of RRL dramatically diminishes its translational efficiency and the reason for the improved characteristics of the latter system is not clear. The results presented here and elsewhere (Svitkin et al, 1996) strongly indicate that cap and poly(A) independence of translation in RRL is a consequence of limiting general RNA-binding proteins, and relatively high concentration of eIF4F. The addition of YB-1 to RRL dramatically increases cap and poly(A) dependencies of translation ( Figure 5 ; Svitkin et al, 1996) . Thus, nonspecific RNA-protein interactions could be considered not just as a means to inhibit global protein synthesis but also one to impose a stringent translational control by the mRNA 5 0 cap and 3 0 poly(A). An additional contribution of mRNA coating by RNA-binding proteins to high fidelity of translation is that it disables spurious internal initiation sites to prevent the so-called 'trash internal initiation' (Merrick, 2004) and to ensure a precise delivery of eIF4F to the 5 0 end of the mRNA (Svitkin et al, 1996; Pisarev et al, 2002) .
Assigning to the conserved RNA-binding protein YB-1 a role as a critical regulator of eIF4F recruitment by an mRNA and, consequently, cap-and poly(A)-dependent translation is based on the following findings: (1) YB-1 is very abundant in the cytoplasm. By contrast, most other general RNA-binding proteins, such as La and PTB, are predominantly nuclear. In addition, in vitro, YB-1 exaggerated the PABP depletion-mediated inhibition of 80S initiation complex formation at lower concentrations than La and PTB; (2) YB-1 is the major core protein of mRNPs, the association of which with the mRNA includes binding near the 5 0 cap ( Figure 6B ; Evdokimova et al, 2006a) ; (3) YB-1 competes with eIF4G for binding to the mRNA, resulting in a decreased eIF4E-5 0 cap association and inhibition of translation ( Figure 6C ; Davydova et al, 1997; Evdokimova et al, 2001; Nekrasov et al, 2003) . Consistent with competition between YB-1 and eIF4G for binding to the mRNA, YB-1, but no other proteins, was shown to UV crosslink to the mRNA cap structure in a RRL where the function of eIF4F was inhibited (Evdokimova et al, 2001) . Thus, although several RNA-binding proteins share the potential to enhance the dependency of translation on eIF4E/cap and PABP/poly(A) complexes, the regulatory mechanism operative with YB-1 is prevailing under physiological conditions. To demonstrate the contribution of YB-1 to PABP-dependent translation more directly, we attempted to immunodeplete YB-1 from Krebs-2 extract. However, YB-1 depletion with available antibodies was only partial.
The abundance and activity of YB-1 are under control. First, YB-1 is downregulated at the mRNA level by the phosphoinositide 3-kinase (PI3K) pathway (Bader et al, 2003) . Second, an acidic protein, YBAP1, can displace YB-1 from the mRNA to stimulate translation (Matsumoto et al, 2005) . Third, YB-1 is targeted for phosphorylation at Ser-102 by the serine/threonine protein kinase Akt and the phosphorylated YB-1 exhibits reduced affinity for mRNA (Evdokimova et al, 2006b ). Reduced YB-1 function in some cancer cells along with the complementary eIF4E/4G upregulation is believed to enhance otherwise inefficient translation of mRNAs, the activity of which is highly eIF4E dependent (Evdokimova et al, 2006a) . In addition, a prediction from this work is that the impaired YB-1 function in some cancer cells may relax the translational control imposed by the m 7 G cap and poly(A) tail structures.
Materials and methods
Proteins and antibodies
Recombinant PABP, wild-type or mutant (M161A), YB-1, and La proteins were expressed and purified essentially as described (Svitkin et al, 1994; Evdokimova et al, 2001; Kahvejian et al, 2005) . For expression and purification of recombinant eIF4GI (84-1599) and eIF4E, see Yanagiya et al, submitted. Native eIF4F and eIF2 were purified from RRL (Pisarev et al, 2007) . Primary antibodies against PABP, eIF4GI, eIF4AI, and eIF4E were described (Khaleghpour et al, 2001; Svitkin et al, 2005) . Anti-S6 ribosomal protein monoclonal antibody (5G10) was from Cell Signaling. Secondary anti-rabbit and anti-mouse HRP-conjugated antibodies were from GE Healthcare.
PABP depletion of Krebs-2 extracts and RRL
The preparation of extracts from Krebs-2 cells and their treatment with micrococcal nuclease were as described earlier (Svitkin and Sonenberg, 2007) . Micrococcal nuclease-treated RRL was purchased from Promega. For the removal of PABP, extracts were incubated with the GST-Paip2 protein that was immobilized onto glutathioneSepharose beads (Svitkin and Sonenberg, 2004) . Mock-depleted extracts were treated with GST alone. For RRL, two cycles of treatment with GST-Paip2-Sepharose were necessary to obtain complete depletion of PABP. Western blot analyses of PABP depletion and eIF4GI, eIF4AI, eIF4E, and S6 ribosomal protein co-depletion were performed using Western Lightning chemiluminescence kit (Perkin-Elmer Life Sciences).
In vitro translation
Translation in RRL was carried out as recommended by the manufacturer (Promega). KCl (40 mM) was added to the RRL to enhance cap dependency of translation (Chu and Rhoads, 1978) . The reaction mixtures (10 ml) included GST or GST-Paip2-treated RRL (70% v/v), amino acids, capped Luc(A þ ) mRNA (2 mg/ml) (Svitkin and Sonenberg, 2004 ) and other components as specified in the figure legends. Incubation was at 301C for 1 h. Luciferase levels were determined in 3-ml aliquots of 100-fold diluted samples by enzymatic assay (Promega). A Lumat LB 9507 bioluminometer (EG&G Bertold) was used for the measurements.
Ribosome-binding assays 80S ribosome-binding studies were carried out using Krebs-2 cell extracts and 3 0 -end labelled globin mRNA (Kahvejian et al, 2005) . The extracts (15 ml) were supplemented with cycloheximide (0.6 mM) and other components except for the mRNA and preincubated at 301C for 2 min. After the addition of the mRNA (B10 6 c.p.m., 60 ng), the reaction mixtures (30 ml) were incubated at 301C for 15 min. Reactions were stopped by four-fold dilution with ice-cold buffer (HSB; 0.5 M NaCl, 0.03 M Mg(CH 3 COO) 2 , and 0.02 M HEPES-KOH, pH 7.5) (Lodish and Rose, 1977) . 80S ribosomal complexes were resolved by centrifugation in 5-ml 15-30% sucrose gradients (prepared with HSB) (Kahvejian et al, 2005) . For 40S ribosome-binding studies, GMPPNP (2 mM) was substituted for GTP and an extra MgCl 2 (2 mM) was included in the reaction mixture. 48S initiation complexes were resolved on 10-30% sucrose gradients prepared with a low salt buffer (Kahvejian et al, 2005) . Centrifugation was in an SW55 rotor at 54 000 r.p.m. at 41C for 1 h 45 min. Fractions (0.2 ml) were collected from the top of the tubes and the radioactivity was counted. The area under the 80S or 48S peak (less background) was used to quantify ribosome binding (Kahvejian et al, 2005) .
Chemical crosslinking assay
Uncapped Luc mRNA (Promega) was 3 0 poly(A) extended by B200 nt using a poly(A) tailing kit (Ambion). Luc(A þ ) mRNA (4 mg) was radioactively labelled at the m 7 G cap using [a-32 P]GTP, S-adenosyl methionine, and vaccinia virus guanylyltransferase (Ambion) according to the manufacturer's instructions. After purification and oxidation with NaIO 4 , the 32 P cap-labelled RNA was used for crosslinking studies in RRL as described earlier (Sonenberg, 1981; Lee et al, 1983; Merrick and Sonenberg, 1997; Kahvejian et al, 2005 ; Supplementary data). Crosslinking of pure initiation factors (eIF4F or eIF4E) was performed in a buffer containing 12.5 mM HEPES-KOH, pH 7.3, 25 mM KCl, 50 mM KCH 3 COO, 1 mM MgCl 2 , 0.125 mM spermidine, 1 mM DTT, and 1 mM ATP (15 ml total reaction volume). Other conditions were as described above and in the legend to Figure 6C .
Assembly and toe-printing of 48S ribosomal complexes
Ribosomal 40S subunits, native and recombinant initiation factors (eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, and eIF4F), aminoacylated calf liver initiator tRNA (Met-tRNA i Met ) were prepared as described (Pisarev et al, 2007) . The reconstitution of 48S ribosomal complexes from purified components and native b-globin mRNA was performed as described earlier (Pisarev et al, 2007) . Primer extension inhibition (toe-printing) analysis of 48S initiation ribosomal complex formation was performed with the use of AMV reverse transcriptase and the primer 5 0 -GCATTTGCAGAGGA CAGG-3 0 (Morino et al, 2000) . cDNA was analysed by denaturing 6% PAGE. Toe prints were quantified by BAS-2000 phosphorimager (Fuji).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
